Abstract-To resolve problems of poor contrast and sharpness in degraded images, a novel efficient enhancement algorithm based on image fusion is presented in this paper. The proposed algorithm consists of two essentials: the first, the techniques of histogram equalization and sharpening were respectively applied to the same degraded image so that two source images, which individually preserved the enhancement effect of either of these techniques, could be obtained; the second, details and approximations of these source images were respectively fused via different fusion rules in the wavelet domain. The experiment results indicate that the proposed algorithm integrates the merits of histogram equalization and sharpening effectively and achieves a considerable efficiency in the enhancement of degraded images exhibiting both blurred details and low contrast.
INTRODUCTION
Image enhancement is an important technique in the image preprocessing field. In previous research, many enhancement algorithms have been used in various image processing applications. Regrettably, these traditional algorithms tend to only have the ability to solve a single specific problem of degraded images. For instance, histogram equalization can improve an image's contrast by extending the dynamic range of its grey variation, and sharpening can elevate an image's sharpness via compensating contours and emphasizing edges. When a degraded image has more than one problem, traditional algorithms cannot provide a satisfactory resultant image to meet the enhancement demand of applications, even after several of these algorithms have been applied successively.
Fortunately, image fusion can help to provide a solution to the aforementioned enhancement difficulty. The objective of image fusion exists in combining multiple source images into a fused image that exhibits more useful information than the individual source image. For about two decades, image fusion has emerged as a promising image processing technique in many fields, like remote sensing and medicine. Out of various image fusion techniques, the fusion based on wavelet transform has been proven to be an active research focus in recent years because of its excellent performance [1] [2] [3] .
In the proposed approach, wavelet-based image fusion is utilized to enhance degraded images by combining the performance of histogram equalization and sharpening. First, histogram equalization and sharpening are respectively applied to the same degraded image in order to obtain source images. Then these two source images are fused through special rules in the wavelet domain to get the enhanced image. The experiment results show that the proposed algorithm greatly improves both contrast and sharpness of degraded images and concurrently provides adequate details and appropriate contrast in the enhanced images.
II. FAST ALGORITHM OF WAVELET TRANSFORM
The unique quality of localization both in frequency domain and spatial domain enables wavelet transform to be widely used in image processing and analyzing fields. The fast algorithm of wavelet transform proposed by Mallat contributes much to this popularity. For the wavelet decomposition, the fast algorithm employs two one-dimension filters to realize two dimension wavelet transform [4] [5] . In level 2 
where H and G are low-pass and high-pass filters, respectively; the subscripts, r and c, represent horizontal and vertical filtering, respectively. Therefore, C j is a smooth sub-image representing the coarse approximation of C j-1 , and k j D (k=1,2,3) are detail sub-images, each representing the information in horizontal, vertical, or diagonal direction of the image C j-1 .
For the wavelet reconstruction, the fast algorithm implements the inverse wavelet transform by another two onedimension filters--H* and G*, which are conjugate transpose matrixes of H and G, respectively. The reconstruction algorithm can be described as the following expression:
III. IMAGE ENHANCEMENT ALGORITHM BASED ON IMAGE FUSION IN WAVELET DOMAIN

A. Principle and flow
Degraded images often appear poor in contrast and blurred in edges. As a useful method, histogram equalization can improve the contrast of degraded images by stretching the grey histogram of them. However, this method cannot effectively enhance the edges and the change of the grey histogram may cause excessive brightness in some high grey areas in the enhanced image [6] [7] . On the contrary, although sharpening cannot remarkably improve the image contrast, this processing greatly enhances the edge details by employing the differential operation of the Laplace operator [8] . Thus, the complementarity of histogram equalization and sharpening acutely emerges in image enhancement.
The proposed enhancement algorithm utilizes the above complimentary quality through image fusion to both improve the contrast and enrich edges of degraded images at the same time. The schematic diagram of the proposed algorithm is shown in Fig. 1 , and the processing flow is demonstrated as follows:
• Apply histogram equalization and sharpening respectively to get two complementary source images --the equalized image and sharpened image.
• Decompose the equalized image and sharpened image with fast algorithm of digital wavelet transform (DWT).
• Fuse the approximate and detail coefficients of the DWT decomposition respectively through different rules to get fused coefficients.
• Reconstruct the image from the fused coefficients through inverse digital wavelet transform (IDWT). 
B. Fusion rules
Since fusion rules play a crucial role in image fusion, researchers have developed some fusion rules for various applications [9] - [11] . In present research, different rules are used to respectively deal with the approximate and detail coefficients. Let P and Q respectively represent the two source images-the equalized image and sharpened image. Also, F denotes the fused result of P and Q.
For the approximate coefficients, the following rule is applied:
where α behaves as a weight coefficient that can adjust the portion of P and Q to control the brightness of the fused image. Since the equalized image generally has a higher contrast, the larger α is, the brighter the fused image looks. Findings from many experiments suggest that α between 0.2 and 0.8 usually can provide satisfactory results for the fusion of equalized and sharpened images according to different image conditions. In our future work, an adaptive algorithm will be developed to determine the value of α.
The detail coefficients are combined by the following fusion rule:
In the equalized image P, the rise of image contrast makes many parts of image details sensible to the observer, although the increase of the grey levels of equalized image may make some slight grey differences invisible under higher brightness conditions. Complimentary to the effects of histogram equalization, the differential operation of sharpening makes the edges of the degraded image largely enhanced in the sharpened image Q. The fusion rule in (4) chooses the coefficients of relatively larger absolute value as the fused coefficients. The adoption of this fusion rule can retain as many source image details as possible in the fused image. This processing ensures that the fusion algorithm can efficiently combine the above enhancement effects of details to make the resultant image clearer than any of the sources.
IV. EXPERIMENTS AND RESULTS
In the experiments, the proposed algorithm is realized in the programming environment of Matlab7.0. The original images processed in the algorithm, like Fig. 2, 3-( 
This widely used sharpening template comes from the superimposition of an image f(i,j) and its Laplacian 2 ∇ f(i,j), which has the discrete form of the following:
. (6) Histogram equalization takes the grey scale transformation function as the following expression describes:
where L is the total number of grey levels; n j and n respectively represent the total numbers of the pixels in the grey level j and in the entire input image; and the transformation T maps grey values r k in the original images to grey values s k in the equalized images. The source images to be fused are decomposed only in the first level of wavelet transform with a linear phase biorthogonal filter. Fig. 2 and Fig. 3 provide some experiment results to exhibit the enhancement performance of the proposed algorithm. 
A. Single Histogram Equalization or Sharpening
As seen from Fig. 2, 3-(a) , the original degraded images appear dark, poor in contrast and blurred. Compared with the original images, the equalized images (Fig. 2, 3-(b) ) give a much better contrast but still a poor clarity. Also, some details become visible in the equalized images, for example the upper edges of the tire in Fig. 2-b , but some other details become invisible in a excessive bright background, for example the inner edges of the stair railing in Fig. 3-b and the edges near the axes of the tire in Fig. 2-b . On the contrary, the sharpened images (Fig. 2, 3-(c) ) look not so blurred as the original and even equalized images because of the enhancement of the edges, but the sharpened images are still dark. Thus the low contrast makes parts of the details unclear, just as with the upper edges of the tire in Fig. 2-(c) . In conclusion, although individually applying histogram equalization or sharpening cannot provide satisfactory enhancement results, the useful complementary quality of the equalized and sharpened images emerging in the experiments suggests that the fusion technique can help to solve this problem.
B. Proposed Enhancement Algorithm
The proposed algorithm can submit satisfactory results in dealing with the degraded images in same conditions as Fig. 2 , 3-(a). As shown in Fig. 2, 3 -(f), (g) and (h), after equalized images and sharpened images are fused through the proposed algorithm, the enhanced images appear with suitable contrast and abundant details. These enhanced images combine the merits of equalized images and sharpened images, both improving the contrast and enhancing the edges at the same time.
Listing the same statistical parameters as [9] , Table I . presents a quantitative assessment of enhancement performance of our fusion-based algorithm. Compared with Fig.  2, 3 -(a), (b) and (c), the larger entropy of Fig. 2, 3 -(f) and (h) indicates that the enhanced images provide more image information. Also, the larger standard deviation and average gradient of Fig. 2, 3-(f) and (h) demonstrate that the enhanced images reveal more grey levels and exhibit higher definition. Moreover, the visual comparison of Fig. 2, 3-(d) , (e) and (h) shows that the proposed algorithm not only makes up the deficiencies that histogram equalization and sharpening have, but also provides more effective enhancement than successively applying histogram equalization and sharpening.
In addition, the influence that the sum of the applied wavelet decompositions has on the enhancement effect of the proposed algorithm has been considered in the present research. As seen from the comparison between (f) and (g) in Fig. 2 and Fig. 3 , the experiment results suggest that no obvious distinction exists in the effects between adopting onelevel and two-level decomposition. Therefore, in order to reduce the operational complexity, just one-level decomposition is implemented in the realization of the proposed algorithm.
V. CONCLUSION
Aiming at problems of poor contrast and blurred edges in degraded images, a novel enhancement algorithm is proposed in present research. The algorithm utilizes wavelet-based image fusion to accomplish the duplex enhancement task. Experiment results prove that the proposed enhancement algorithm can efficiently combine the merits of histogram equalization and sharpening, improving both the contrast and sharpness of the degraded image at the same time.
